INTRODUCTION
Increasing costs of drug development and ethical concerns about the risks of exposing humans and animals to novel chemical entities favor limited exposure clinical trials such as microdosing and other phase 0 trials. An increasing body of research supports the validity of extrapolation from the limited drug exposure of phase 0 approaches to the full, therapeutic exposure. An increasing number of applications and design options demonstrate the versatility and flexibility these approaches offer to drug developers.
BACKGROUND AND DEFINITIONS
The pursuit of alternative approaches for first-in-human (FIH) trials arose in response to a decline in drug development productivity and as an attempt to reduce the costs and time spent identifying failed drugs. 1 Such alternative approaches, variously named Exploratory Investigational New Drug applications (eIND), phase 0, and, under the current guidelines, Exploratory Clinical Trials, were established by regulatory authorities to reduce the risks to humans by limiting drug exposure during FIH trials. 2, 3 Reduction in exposure and expected risks led to a reduction in preclinical testing, associated time and costs, drug manufacturing requirements, and promises to provide valuable human-based data prior to initiation of full-fledged INDs. [4] [5] [6] Just how much better informed and more efficient these approaches are than traditional ones depends on the type of information provided, associated time and costs, available alternatives, and the validity of extrapolating modeling from the limited exposure to full-therapeutic dose exposure.
The current, internationally harmonized, regulatory framework defining and governing microdosing and other phase 0 clinical trials is the International Conference on Harmonization (ICH) M3 Guidelines 3 . Under this framework phase 0 trials are FIH trials where the exposure to the drug is less than in phase I studies (i.e., less than maximal tolerated dose [MTD] ), have no therapeutic purpose, and are not intended to assess tolerability. The five phase 0 approaches described in the guidelines form a spectrum of exposure from single, minimal (microdose) exposure to multiple doses into the anticipated therapeutic range ( Table 1) . Other approaches that meet the spirit of the guidelines are possible and early consultation with local regulators is recommended to help identify the optimal approach. 2 The 2006 the US Food and Drug Administration (FDA) eIND guidance emphasizes the inherent flexibility in the regulations: "Existing regulations allow a great deal of flexibility in the amount of data that needs to be submitted with an IND application, depending on the goals of the proposed investigation, the specific human testing proposed, and the expected risks. The Agency believes that sponsors have not taken full advantage of that flexibility and often provide more supporting information in INDs than is required by regulations". 2 As a contribution to the body of definitions we propose the term "in-humano" to describe the type of limited testing in "exploratory clinical trials." The term was coined during discussions on the occasion of microdosing symposium at the American College of Clinical Pharmacology (ACCP) annual meeting in 2013. Although limited, such brief and/or local drug interactions within humans may generate data of mechanistic and conceptual value not otherwise available prior to phase I studies. The term "in humano" testing uses the Latin terminology similar to "in silico," "in vitro," and "in vivo" testing, to indicate preclinical testing in humans, meaning that no clinical, (i.e., therapeutic or toxic) effects are expected. It is a step on the spectrum from human in vitro tissues, to studies in intact preclinical species, to studies in isolated intact human organs or tissues, to systemic subtherapeutic exposure in humans and finally, systemic therapeutic exposure in humans.
In the case of microdosing (Approaches 1 and 2, Table 1 ) the dose is defined as no greater than 100 μg (for small molecules) or 1/100 th of the No Observed Adverse Effect Level (NOAEL), whichever is the lower. With such low exposures no gross effects, therapeutic, toxic or radiotoxic when labeled with radioisotopes, are expected. As will be dis- cussed later, however, pharmacological effects, both pharmacokinetic (PK) (e.g., absorption, distribution, metabolism, excretion [ADME]) and pharmacodynamic (PD) (e.g., receptor binding and displacement, production of intermediate metabolites, and modification of targets; Figure 1 ) may take place, and be detected with targeted approaches and sensitive analytical tools even if no gross effects are elicited in the organism as a whole. For microdosing approaches used to test proteins, a molar limit (30 nmol) is applied due to the large size of the molecules. 2 The molar and mass definitions converge if the size of the test molecule is 3.3 kDa, when it is both 100 μg and 30 nmol. For any larger molecules the 100 μg definition of microdosing will be the more conservative one. As an illustration -the TGN1412 monoclonal antibody, at 150 kDa, was given at 0.1 mg/kg to six healthy volunteers and caused a cytokine storm and near fatal multiple organ failure within 24 h 7 . For a 45 kg individual the resulting 4.5 mg meets the molar definition of a microdose study (30 nmol x 150 kDa = 4.5 mg). However, were the 100 μg definition used the resulting dose would have been 45-fold lower.
ANALYTICAL TOOLS
The limited systemic exposure of phase 0 studies may require more sensitive assays than conventional analytical tools. The three most commonly used techniques are liquid chromatography-tandem mass spectrometry (LC-MS/MS), positron emission tomography (PET), and accelerator mass spectrometry (AMS) ( Table 2) . 4, 5, 8 Of these, AMS is by far the most sensitive, followed by PET and LC-MS/MS. AMS and PET require radiolabelling, however unlike PET, AMS radiation exposure is minimal and typically does not require dosimetry studies. 3, 9 The advantage of PET is the ability to provide continuous, dynamic information about drug effects in real time in the living human, in tissues of interest, including target receptor binding and occupancy; however, unlike AMS and LC-MS/MS, PET imaging cannot distinguish metabolites from parent compound. 10 LC-MS/MS is the cheapest, most accessible, and associated with the least amount of processing while AMS and PET require the presence of specialized units for production of the radioisotopes, radiochemistry, processing, and analysis. While PET requires the presence of such facilities in close proximity to the clinical research site (with the exception of 18 F and 124 I that can be shipped due to their 100 min and 4-day half-life, respectively) AMS is usually processed in remote facilities with the long half-life of 14 C (ß5700 years) presenting no limitations on shipment schedules. The limited availability of specialized AMS and PET facilities is of little relevance since typically only one phase 0 study with six to 10 participants is required per drug development program. 
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PHASE 0 VS. OTHER FIRST-IN-HUMAN (FIH) CLINICAL TRIALS (TABLE 3)
The conduct of a phase 0 study differs from other developmental clinical trials in several respects, most importantly the use of low doses, low plasma concentrations, and the highly sensitive analytic tools needed to analyze drug effects. The regulatory framework allows a quicker initiation of phase 0 studies due to reduced preclinical package requirements and simpler manufacturing process. In many other aspects, including the ethics, recruitment, volunteer management, phase 0 trials are similar to other FIH studies. effectiveness-related PK (i.e., PK parameters that directly impact on safety and efficacy). 20 
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DDI
Cocktail and cassette DDI studies. 21, 22 PD/Localization/Proof of mechanism Phosphorylation in PBMCs. 16 DNA adducts in PBMCs. 17 Target tissue localization. [23] [24] [25] Vulnerable populations Pediatric studies of drug disposition. [26] [27] [28] [29] Future applications may apply also to women (including pregnant women), patients with hepatic impairment, renal impairment, poly-pharmacy, comorbidity, and frail elderly patients. 30 
Diagnostic radiopharmaceuticals
Due to lack of appropriate animal models, phase 0 used for selection amongst four 18 F-labelled PET amyloid imaging agents for assessment of β-amyloid plaques in brains of patients with Alzheimer's disease. 31 Emerging applications
PBPK, M&S
Modeling and simulations incorporating in-silico, in vitro, PBPK/PD 32 and economic parameters 13 can all enhance the predictive value and feasibility of phase 0 studies. 22 
Biologics
Small antibody (PET) 33 . Large protein (AMS).
34
Adaptive design phase 0/phase I Microdosing/phase I adaptive design. 34 Intra-Target Microdosing (ITM) -drug development in target.
Intra-Arterial Microdosing (IAM) proof-of-concept in rats. 15 Insulin injected intra-arterially caused local effect ( 18 F-FDG uptake into muscle) while systemic exposure was at microdose levels with no effects.
Extreme environments
Space (micro-gravity, radiation, altered chronobiology), north/south poles (cryo-environments, altered chronobiology), hyper/hypobaric environments (e.g., high altitudes). Altered physiology and pharmacology may have drug efficacy and toxicity implications and requires testing of pharmaceuticals in the extreme environment setting. Lack of emergency facilities favors phase 0 approaches.
Individualized therapy phenotyping Prediction of DDI in healthcare settings by using microdose probes prior to initiation of therapy. 22 ,35-38 Environmental toxins Describing the disposition of potential carcinogens (e.g., PAH) using nontoxic microdoses in humans. 39, 40 PK, pharmacokinetics; BA, bioavailability; PD, pharmacodynamics; TMDD, target-mediated drug disposition; DDI, drug-drug interactions; PBPK, physiologicallybased pharmacokinetics; M&S, modeling and simulation; PBMCs, peripheral blood mononuclear cells; FDG, fluorodeoxyglucose; PAH, polycyclic aromatic hydrocarbon.
HUMAN-BASED CONTRIBUTIONS TO DRUG DEVELOPMENT DECISION PROCESS (FIGURE 1)
Even though there is no therapeutic intent, phase 0 trials allow the study of key properties that are relevant to drug development "go-no-go" decision making (Figure 1 ). These properties, sometimes called "pillars of pharmacology," include the following domains: (I) plasma PK, (II) target PK (for both efficacy and toxicity targets), (III) receptor binding and displacement, and (IV) PD (biomarkers and clinical outcomes).
14 Of these, only clinical outcomes that depend on long-term exposure cannot be studied with any of the phase 0 options. However, even with the most limited exposure of a single-dose microdose (Approach 1, Table 1 ) the first three domains can be studied, and, as will be demonstrated in the following sections depending on the exposure, sampling (e.g., biopsies), analytical tools (e.g., PET), and approach (e.g., Intra-Target Microdosing [ITM]), some PD information may also be obtained. [15] [16] [17] All phase 0 approaches depend on the validity of extrapolation from the limited-exposure scenario to the full exposure of therapeutic-intent administration, to be discussed in detail below. However, in the ultimate analysis, phase 0 always provide previously unavailable information about test article effects in humans. This information reduces the uncertainty about the test article. Depending on the individual development scenario, such information may reach a meaningful threshold for a "go-no-go" decision or provide valuable guidance for the phase I and phase II programs that follow. Any information obtained, however, should justify the investment and time spent obtaining it. This was found to be the case in economic modeling and simulations of microdosing studies.
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PAST AND CURRENT VALIDATION EFFORTS AND APPLICATIONS
Since the introduction of the exploratory clinical trial framework more than a decade ago the main foci in the field have been testing of the validity of the approach and exploring potential applications. 18 Validation efforts focused mainly on demonstration of linearity across the microdose to therapeutic dose spectrum and development of modeling and simulation tools to address circumstances when non-linearity may be an issue. Application efforts focused on drug development scenarios where the requirement or convenience of safe testing and early arrival at informed "go-no-go" decision making has been particularly pronounced ( Table 4) . The validation efforts and research on the various and expanding number of applications is described in the following section and is an ongoing process.
PK and bioavailability
The main application of phase 0/microdosing studies has been in the evaluation of PK and bioavailability of new drugs. There have been extensive efforts to predict PK of drugs in humans using preclinical methods, such as allometric scaling from experimental animals, physiologically based pharmacokinetics (PBPK) or extrapolation of study www.wileyonlinelibrary/cts results obtained with in vitro systems (in vitro-in vivo extrapolation [IVIVE]), using human liver microsomes. 41 However, quantitative prediction of human PK can still be challenging, and phase 0/microdose studies can serve as a powerful complementary tool to existing approaches. Safely obtaining PK data is particularly valuable where a drug has a narrow therapeutic index (NTI), as is often the case with anticancer agents. 37, 42, 43 The pivotal microdosing validation studies in the PK/bioavailability domain have been the CREAM (Consortium for Resourcing and Evaluating AMS Microdosing) and EUMAPP (European Microdosing accelerator mass spectrometry [AMS] Partnership Programme) trials in Europe, and the NEDO (New Energy and Industrial Technology Development Organization) trials in Japan. 19, 44, 45 By now the results of more than 35 studies in both animals and humans have been reported comparing microdose vs. full dose. Of these, a microdose successfully predicted therapeutic dose PK in 79% of drugs administered orally (n = 27) and 100% of those administered IV (n = 12). 30 Microdosing studies have been used in various drug development programs. One compared three analogues of diphenhydramine (DPH) with the aim of improving upon DPH's poor properties as a hypnotic, specifically, the delayed onset of action and residual wakeful hypnotic effects. 20 DPH and an analogue that previously had failed in development both showed PK linearity between a microdose and full dose. With predictability demonstrated and assumed for the group of analogues, the candidate with the highest bioavailability, shortest t 1/2 , and least intersubject variability, deemed desired properties, was chosen for further development. This example is notable for the ability of the microdosing approach to detect specific and narrow PK parameters of direct relevance to drug clinical utility, both therapeutic and side effects, which could not otherwise be managed by simply modifying the dose or frequency of administration of DPH itself. Identifying such properties (or their absence) could reward the investment in a phase 0 study by leading to early termination of those analogues that did not demonstrate the desired PK properties. In this study each of the analogues was evaluated separately, using AMS, while in another study, using LC-MS/MS, the oral bioavailability of three Cachannel blockers was assessed simultaneously by administering them as microdose cassette.
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Microdose absolute bioavailability studies Absolute bioavailability (F), is a measure of the fraction of an extravascularly administered dose of drug reaching the systemic circulation intact. For small molecules the most common extravascular route is oral, for biologics it is subcutaneous. Phase 0 microdose absolute bioavailability studies consist typically of an oral, intravenous crossover design. 47 In addition to F, this design provides a multitude of other preliminary pharmacokinetic data, including C max , t max , t ½ , CL (clearance), and V (volume of distribution). The estimate of CL allows prediction as to whether it will be affected by such factors as blood flow and plasma protein binding, the anticipated loss of oral bioavailability on first passage through the liver during the absorption process, as well as facilitating PBPK model development (see below) and improving in vitro-in vivo extrapolation of this parameter. V together with F guide the oral dose needed to ensure exposures within the anticipated therapeutic range.
Of the eight drugs reported where F was compared between a microdose and a therapeutic dose only two drugs, propafenone and sumatriptan, gave an anomalous result (propafenone: 5.8% and 13% sumatriptan: 7.6% and 20% for the microdose and therapeutic dose, respectively) while the other were within a twofold difference. 30 Still, microdosing currently compares more favorably than allometry and PBPK, when both absolute bioavailability and shape of the concentration curve are considered. 41 
Evaluation of nonlinearity of drug disposition
If drug disposition pathways are linear, successful direct extrapolation of exposure from microdose to therapeutic dose is expected. 18, 30, 41, 48 Common causes of nonlinear PK include intestinal solubility, metabolism in intestine or liver, membrane transport in intestine, liver, or kidney, and plasma protein binding. 19 On rare occasions, with small molecular drugs, there is also a possibility of saturation of binding to drug target at the therapeutic dose, as observed with warfarin. 19 These factors should be considered when designing phase 0 studies for the purpose of projecting human PK at therapeutic dose.
Even when nonlinear PK between microdose and therapeutic dose exist, model-based simulations incorporating nonlinear processes may allow quantitative extrapolation of human exposure. 22, 48 This may be possible if the non-linear processes are identified in advance in preclinical IVIVE studies, suspected from similarly structured drugs, or suggested from the eIND study itself (see Intra-Target Microdosing [ITM] below). 15, 41, 48 Although not exclusive, the basic concept in analyzing saturation of metabolic enzymes or transporters can be expressed in Michaelis-Menten equation:
where CL, K m , [S], v, and V max represent clearance, MichaelisMenten constant, concentration of a substrate S, velocity of reaction, and maximum reaction velocity, respectively. As demonstrated in Figure 2 , if the level of exposure after therapeutic dose is below K m , the same clearance between microdose and therapeutic dose (i.e., direct extrapolation from microdose) is expected. If, on the other hand, the level of exposure after therapeutic dose is higher than K m , the clearance after microdose coupled with kinetic in vitro saturation information, especially when integrated within a PBPK model (see below), can still be used to predict the exposure level expected after therapeutic doses. Such extrapolation may need to account for auto-induction or saturation of multiple pathways, as in the case following oral administration, when the drug concentrations in the intestine may saturate multiple enzymes and/or transporters. 49 
Drug-drug interactions (DDI)
The primary objective of DDI studies is to quantitatively characterize alterations in PK profiles of the substrate drug as a function of interaction with other xenobiotics. The DDI may result in abnormal increases or decreases of drug levels, potentially leading to safety or efficacy concerns, respectively. The most important DDI mechanisms are inhibition or induction of drug metabolic enzymes or transporters. Accurate evaluation of DDI effects is essential for appropriate use of new or existing medications. 50 DDIs of PK origin are increasingly being predicted from in vitro experiments using PBPK. However, situations do arise, especially during candidate selection, where information on the compound is insufficient to allow confident DDI predictions to be made. 51 Microdosing offers a powerful complementary tool to evaluate DDI PK susceptibility of new or existing drugs as a substrate, "victim" drug, with three key advantages. Firstly, at such low doses there are fewer safety concerns caused by the potentially higher exposure of victim drugs when coadministered with inhibitors of elimination pathways. This is particularly important when examining DDI effects in drugs with narrow therapeutic index. Secondly, when using "cocktail" strategies to evaluate drug effects on multiple elimination pathways, there is little risk of "cross-reaction" when substrate drugs are administered simultaneously in a microdose. 22 Thirdly, simultaneous, "cassette," administration substantially reduces the variability in the results, hence increases the power of the studies and reduces the required sample size.
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To demonstrate the validity of a DDI cocktail approach, which could be used to evaluate a potential perpetrator during drug development, a cocktail of four probe substrate drugs was administered as a microdose to evaluate DDI effects on different elimination pathways (midazolam for CYP3A, tolbutamide for CYP2C9, caffeine for CYP1A2, and fexofenadine for P-glycoprotein [P-gp]). 52 As a result of coadministration of ketoconazole and fluvoxamine, increases in the exposure of all four substrate drugs were observed. The magnitude of inhibition by these two perpetrators was consistent with previous observation after therapeutic doses of these four probe substrate drugs, suggesting that microdose studies can be directly and safely used to estimate the degree of DDIs in clinical settings. Similar DDI studies have been conducted with drugs subject to membrane transporters, such as metformin (substrate of organic cation transporter 2 [OCT2] and multidrug and toxin extrusion protein [MATEs] in the kidney) 53 and ceriprolol (substrate of OATP2B1 and P-gp in the intestine). 38 These studies also demonstrated similar magnitude of DDIs between microdose and therapeutic dose.
To further extend the application of cocktail microdose studies, Sugiyama and colleagues conducted a cocktaildose clinical microdose DDI study to identify the ratedetermining process for the hepatic elimination of atorvastatin, a well-established substrate of CYP3A and organic anion transporting polypeptide 1B (OATP1B) transporter. 54 They compared the pharmacokinetic alteration of atorvastatin, pravastatin, and midazolam in the presence and absence of probe inhibitors, itraconazole for CYP3A and single dose rifampin for OATP1B. The pharmacokinetics of this cocktail was observed at baseline, after an oral dose of 600 mg rifampicin (OATP1B inhibitor), and after an intravenous dose of 200 mg itraconazole (CYP3A4 inhibitor). As a result, exposure of atorvastatin was increased dramatically with single dose rifampin coadministration, but not with itraconazole coadministration. Since the observed pharmacokinetic change was consistent with pravastatin, they www.wileyonlinelibrary/cts concluded that OATP1B is the key determinant of atorvastatin systemic clearance.
PD/Proof of mechanism
The limited systemic exposure of research participants to administered compounds during phase 0 studies, even the so-called "subpharmacological" levels of microdose studies, does not mean that no pharmacological effects have occurred, only that these effects are so limited that no therapeutic or toxic effects can be expected in the organism as a whole. With sensitive analytical tools and appropriate approaches certain PD effects of the test article may be observed. For example, PET imaging of labelled drug or labelled biomarker may identify receptor binding or biomarker accumulation, respectively, thus providing proof of mechanism of drug actions. AMS detection of 14 C-labelled DNA adducts or phosphorylated drug in PBMCs may do likewise. Intra-Target Microdosing (ITM; see below) generates full exposure in a local target area by administering a microdose calculated on a full-body basis directly into the target, thus enabling detection of therapeutic-level exposure PD parameters in tissues of interest while keeping systemic exposure at subtherapeutic levels. 15 These scenarios are described in detail in the following sections.
Drug-DNA adducts, mitochondrial toxicity, and adverse drug reaction (ADRs) in anticancer and antiviral therapy Formation of DNA adducts, the covalent binding of xenobiotics to DNA bases, is a crucial step in both carcinogenesis and cancer treatment. 55 These formations can be detected with AMS if the drug or suspected carcinogen is labeled with 14 C and administered in a microdose thus avoiding carcinogenic or cytotoxic risk. 17, 56, 57 Lightfoot et al. conducted a study to examine the uptake of carcinogens into human breast tissue and their ability to bind to DNA to form DNA adducts. 57 In the first such report, patients undergoing breast surgery were orally administered prior to surgery one of two known carcinogens (2-Amino-1-methyl-6-phenylimidazo [4,5- Similarly, as mechanistic proof of anticancer cytotoxic effects, microdosing has been used to identify DNA mono-adduct formation and repair after anticancer drug administration. Henderson et al. administered microdose 14 C-carboplatin to cancer patients followed by AMS assessment of carboplatin-DNA mono-adduct formation in peripheral blood mononuclear cells (PBMCs), an essential step in the therapeutic action of this drug. The study showed that 14 C-carboplatin microdoses had the same adduct formation and repair kinetics as therapeutic doses. 17 It is also feasible to use such phase 0 studies to study drug-resistance mediated by potential polymorphism in DNA-repair, thus identifying patients best and least suited for carboplatin treatment. 58 Vuong et al. applied microdosing to study zidovudine (ZDV) PK and uptake of active drug metabolites at the site of action and of DNA-incorporation. 16 In the study, AMS was used to measure 14 C-ZDV concentrations in PBMCs, the drug's site of action, following a 520 ng dose (less than one-millionth of the standard daily dose). The study showed that ZDV is rapidly absorbed and eliminated, has one major metabolite, and is sequestered in PBMCs. Mass balance analysis of the 14 C-labeled dose indicated that a significant portion of ZDV remained after 96 h with a much prolonged elimination halflife. The study also showed equivalent PK parameters for the microdose and therapeutic dose, supporting the usefulness of microdosing and AMS as a tool for studying PK and PD of drug substances. 16 Phase 0 approaches could also be used to study adverse drug reactions (ADRs) such as cardiac mitochondrial dysfunction associated with doxorubicin mitochondrial DNA adduct formation, or potential for ZDV toxicity in neonates of mothers receiving antiviral therapy. 16, 59 The value of such limited-exposure phase 0 human studies is further highlighted by the poor prediction of cardiotoxicity and other adverse effects of drugs from preclinical in vitro and animal models.
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Drug and biomarker localization Determining appropriate target exposure is one of the key objectives of drug development (Figure 1) .
14 Due to methodological and technological limitations, however, drug PK has traditionally been investigated using plasma exposures. Recent application of imaging technologies in PK studies has enabled the quantitation of drug concentration in target organs. 25, 62, 63 Among them, PET has been most frequently used to directly evaluate drug disposition at target organs and in the case of cancer therapeutics also allows determining cross-reactivity with normal tissues. 5, 23, 24, 33, 62, 64 Biodistribution, passage of membranes (e.g., BBB), tissue kinetics, receptor binding and occupancy, "surrogate end points" and inter-subject variability, are all examples of data that can be obtained with PET and due to its high sensitivity (10 −12 to 10 −14 g; Table 2 ) can be obtained at microdose exposures. 5, 9, 65 Examination of receptor binding occupancy was used to obtain mechanistic understanding of the interaction of a drug and its target, as in the development of ziprasidone as a central dopamine D 2 receptor antagonist. 64 In such a study, radiolabeled tracer specific to the receptor of interest is administered in the presence and absence of a test drug, and displacement of the radiotracer is quantified to evaluate the binding affinity of the test drug. Even though this study used therapeutic doses of ziprasidone, displacement methodology can be applied with subtherapeutic exposure when the displacing agent is a compound other than the test drug (e.g., known agonist or competitive antagonist for the receptor) and can be given in pharmacologically active doses. Such studies can provide not only target affinity but also dynamic information about local exposure.
PK at the site of action can be useful in evaluating a drug's potential to interact with PD targets. One representative example is in the development of a potential antiamyloid drug for treatment of Alzheimer's disease. 23 The authors
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investigated the brain distribution of 11 C-labelled ST1859 with PET imaging to compare regions rich in amyloidbeta and other regions. Although they observed rapid and high accumulation of this drug in brain, confirming passage across the blood-brain-barrier (BBB), they did not see regional distribution consistent with amyloid-beta brain distribution, presumably due to a combination of non-specific binding and relatively low binding affinity to amyloid-beta.
PET imaging can also be used to directly observe PD effects by labelling the biomarker that is produced, modified, or mobilized by the test article. A proof-of-concept study with 18 F-labelled fluorodeoxyglucose (FDG) as a biomarker of insulin action is described in the "Intra-Target Microdosing (ITM)" section. 15 Another important application of PET imaging is the evaluation of drug interaction potential caused by the alteration in membrane transport functions. Major focus has been placed on the DDI effect on distribution into brain, liver, and kidney. For example, coadministration of P-gp inhibitors (tariquidar and cyclosporine A) increased brain exposure of 11 C-labeled verapamil, suggesting the in vivo importance of P-gp in limiting verapamil's brain distribution. [66] [67] [68] For liver and kidney, because inhibition of basolateral uptake or apical efflux have different outcomes in terms of systemic and peripheral exposures, it is important to measure both of them when evaluating DDI effect. 69 All of these in vivo peripheral exposure measurements are essential in building reliable PBPK models (see PBPK section) and IVIVE methodologies of drug disposition pathways, ultimately leading to quantitative prediction of not only systemic but also target organ exposures.
Vulnerable populations
Vulnerable populations include children, pregnant and lactating women, hepatically/renally impaired, frail elderly, comorbidity, poly-pharmacy with potential for DDIs, and those with genotypes predisposing them to abnormal drug responses (e.g., through CYP mutations that increase/decrease drug metabolism, or genotypes predisposing to hypersensitivity reactions). 70 Common to these populations is their exclusion from primary drug development programs due to safety concerns. Testing drugs in such populations is often restricted due to the risks associated with drug exposure. 70, 71 However, prediction of drug response from adult pharmacological data in these populations is often impaired due to their unique pathophysiology, and in pediatric populations has been estimated to be reliable in less than 20% of cases. 72 Even though the recent increase in use of PBPK modeling may increase the validity of extrapolation from adult and animal data, alternative drug disposition pathways in vulnerable populations may result in unexpected variability. 72 An example in pediatrics is the switch from sulfation to glucuronidation as the primary metabolic pathway of acetaminophen. 26 Lack of evidence-based guidance to clinical management leads to extensive off-label use and is associated with increased incidence of adverse drug reactions (ADRs). 70, [72] [73] [74] The safety inherent in phase 0 approaches is an attractive complement to extrapolation from adult data in these populations and use of PBPK simulations. Another advantage is that by the time the vulnerable populations are studied, data on linearity, or type of non-linearity, are usually available from adult studies and can improve extrapolation. However, to date, phase 0 approaches have only been applied to the pediatric population. 30 The main potential barriers to the application of phase 0 approaches in vulnerable populations, and in particular in children and pregnant women, are ethical in nature and are related to safety. The three principal safety concerns are exposure to the drug, burden of procedures, and exposure to radiation. Exposure to the drug in microdosing studies is subtherapeutic and hence identified as no more than minimal risk, constituting a major advantage over therapeutic-dose studies in vulnerable populations. 75 The burden of procedures in pediatric population is mainly related to the amount of blood sampling. European and World Health Organization (WHO) guidelines recommend restricting blood sampling volumes to no more than 3% of total blood volume (TBV) over 1 month, and 1% of TBV over a 24 h period. This equates to 1/100 of 240 ml = 2.4 ml in a 24 h period in a 3 kg neonate. 76, 77 Such amount can easily satisfy the sampling requirements of LC-MS/MS (ß 100 μl per sample but as low as 25 μl). 11 The much higher sensitivity of AMS further reduces sampling requirements (as little as 2 μl per sample, depending on drug concentration). Radiation exposure is low with PET and extremely low with AMS, consistent with normal background exposure. 29 Finally, the ethics argument needs to be strengthened by scientific necessity and exposure to no more than minimal risk over that expected in usual daily activities. A recent FDA position statement supports the use of microdosing studies in patients but leaves the application in healthy children questionable. 75 Several pediatric microdose studies have been conducted to date in the US and Europe. [26] [27] [28] [29] Doses ranged from 3 to 30 ng/kg and sampling was 20 μL per sample where possible. Levels of radioactivity administered were kept extremely low (10-100 Bq/kg or 0.3-3 nCi/kg). These have been proof of concept studies with ursodiol, 27 midazolam, 29 and acetaminophen 26, 28 demonstrating linearity across the microdose to therapeutic dose range thus paving the way to future applications with other drugs and other vulnerable populations. Of particular interest is elucidation of ontogeny of ADME pathways such as drug metabolism, transport, and renal function and the use of microdosing to phenotype such pathways.
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Development of diagnostic radiopharmaceuticals
In the past few years several pharmaceutical companies used eIND approaches for the development of diagnostic radiopharmaceuticals. An example is 18 F-AV-45, a PET imaging agent to estimate β-amyloid plaque density in patients assessed for Alzheimer's disease. 31 The sponsor filed eINDs for four different candidates to be evaluated in healthy volunteers and in AD patients. The absence of appropriate animal models required a human study for selection among the four candidates thus favoring the safe and low-cost phase 0 approach. The PET-microdosing enabled demonstration of BBB passage and localization to regions of interest. The candidate with the appropriate PK, metabolism, target organ uptake, retention (in cortical brain regions known to be high in amyloid disposition), and clearance from nontarget brain tissue, was selected as the lead candidate for www.wileyonlinelibrary/cts clinical development and eventually approved for marketing by the FDA.
EMERGING APPLICATIONS OF PHASE 0/MICRODOSING STUDIES Modeling and simulations
Phase 0/microdosing data and PBPK models can complement and enhance each other. PBPK models comprise physiological and biochemical data, which are independent of the drug, and often called a systems property, onto which are overlaid drug specific data, often in the form of physicochemical and in vitro human data, to predict the likely PK in vivo under a variety of situations. PBPK models have now become an established part of both early and late stage drug development, and increasingly form part of the label information provided following approval of the drug by regulatory agencies. 51, 79, 80 While the ability of PBPK to accurately predict human PK has improved over the years, uncertainty still exists when using in vitro data only, and often there is a need to update the model in the light of in vivo human data. Phase 0 data can enhance PBPK by providing valuable early human-based data. Conversely, PBPK can enhance the extrapolation of phase 0 data to therapeutic dose levels. Coupling phase 0 data with PBPK is particularly helpful in situations where established methods such as allometry and in vitro-in vivo extrapolation (IVIVE) are problematic, due to either large unexpected interspecies PK differences, or when IVIVE for one or more processes controlling the PK of the compound are not well established, respectively. Several approaches are being taken. One is to take advantage of the previously stated observation, that microdosing IV disposition PK of a drug is the same as that following therapeutic doses. 19, 30, 44 Armed with the IV microdose data, the disposition kinetics of the PBPK model is defined, while it can also be used to inform and update the IVIVE scaling parameters controlling clearance and distribution. The expected oral input, and hence PK profile, is then simulated based on such in vitro data as solubility, particular size distribution, dissolution profile, intestinal permeability, and stability to intestinal and hepatic enzymes and transporters, taking into account nonlinearities if necessary. This helps not only to more accurately predict the likely oral dose needed to ensure adequate systemic exposure of drug, based on in vitro (or preclinical) pharmacodynamic information, but also the best sampling times, and likely inter-subject variability. It also helps in the selection of the best candidate to meet therapeutic objectives (such as size of dose to ensure adequate exposure, dosing interval, and inter-subject variability) when several are being considered prior to phase I testing.
PBPK models have been integrated with pharmacodynamic components to explain inter-individual variability in response. 32 For such approaches, it is important to support and validate the PBPK model with in vivo tissue concentration measurement whenever possible. As described earlier, PET-based microdosing is a powerful tool to measure local exposure and transport of drugs in various tissues. These model-based methodologies will allow better extrapolation of preclinical pharmacodynamic findings to the prediction of therapeutic outcomes.
For certain types of drugs, membrane transport can be the major determinant of tissue exposure. As a result, transporter-mediated DDIs can cause altered exposure in the tissues leading to change in efficacy or safety profiles of drugs. 69, 81 In many cases, however, changes in transport function are not reflected in systemic exposure, even for drug clearance organs such as liver or kidney, while they can affect tissue exposure of substrates. 82 In order to predict complex outcomes of the change in membrane transporter functions, establishment of PBPK models with the support of in vivo tissue concentration measurement is critical.
Biologics
The specificity of modern biologic drugs for their targets favors them as candidates for phase 0 studies. The often high species specificity may render animal models poorly predictive of human PK and response. In addition, localization of biologics at their specific targets makes PETmicrodosing a useful tool in studying access and dynamic exposure at the target. With their PK and PD typically affected by target-mediated drug disposition (TMDD), New Biological Entities (NBEs) lend themselves to the study of target dynamics, compartmental PK, and receptor binding and displacement using labeling with PET radioisotopes. 83 Inter-patient variability and cross-reactivity between target (e.g., tumor) and non-target (e.g., plasma, muscle) tissues can also be demonstrated. 33 Finally, if the pharmacological target of the biologic is labeled (e.g., glucose [and 18 F-FDG] in the case of insulin) then the typically specific pharmacology of NBEs can be studied as well using PET-microdosing. 15 Many biologics are administered intravenously thereby bypassing potential non-linear absorption, transport, and metabolism mechanisms that could render extrapolation from microdose to full-dose less reliable.
In 2013, the first microdosing study of a biologic was reported, where PK, biodistribution, and tumor targeting of the mini antibody 124 I-F16SIP (80 kDa, 2 mg, 25 nmol), an antiangiogenesis drug for head and neck cancer, were studied using PET imaging. 33 The study was able to demonstrate tumor targeting, near optimal bioavailability, and low interindividual variability in PK in the four patients studied, thereby supporting further development. In 2015, the first 14 C-labelled recombinant human protein (human recombinant placental alkaline phosphatase [hRESCAP], an endogenous anti-inflammatory protein) was studied in a phase 0/phase I adaptive design study. 34 Results demonstrated linear PK from microdose (53 μg) to therapeutic dose (5.3 mg). The study enabled the demonstration of a t 1/2 greater than 2 days, a "go-no-go" developmental requirement for this compound, with the phase 0 component of the study prior to entry into the phase I component, thus allowing efficient allocation of resources. With this protein drug it appears that the elimination process is not saturable, and this may be the case for other classes of protein drugs, in contrast to monoclonal antibodies, which exhibit TMDD. 84 A potential problem with biologics, especially those with potent binding to non-target tissues, is that the drug administered in a microdose may "sink" into the non-target tissue thus producing non-linear observations in the target. 85 This issue could be partly addressed by performing full-body PET Due to the brief, local pharmacological-level exposure ITM can be used to detect PD effects in drug classes that allow collection of biomarkers in the time frame of seconds to minutes. PDE5, phosphodiesterase type 5; cGMP, cyclic guanosine monophosphate; CGRP, Calcitonin Gene-Related Peptide; SGLT, Sodium-glucose transport; ECG, electrocardiogram; NMDA, N-methyl-D-aspartate; CNS, Central Nervous System. Adapted from Burt et al. 15 in an attempt to identify such "sink" tissues, or by using IntraTarget Microdosing (ITM, see below), to temporarily expose the target to the entire dose prior to entry into the general circulation. 15, 33 An issue here is the balance between the speed of distribution of the biologic from plasma to target, with subsequent binding, within the tissue and the transit time of plasma carrying the biologic away from the tissue. Clearly, the slower the former, the less the benefit of ITM.
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Intra-Target Microdosing (ITM) (Table 5)
In this novel exploratory drug development approach the test article is administered directly into the target such that only a small fraction of tissue within the body is initially exposed to the test article and for a limited amount of time. 15 The most readily available direct administration route is intraarterial but intra-muscular, intra-thecal, or even topical deliveries are possible. The test article then returns systemically through the venous system and is diluted by approximately the proportion of the target mass to the full-body mass. If the target is about 1/100 of the body mass (e.g., the hand) and the test article is administered at the NOAEL then the rest of the body will receive microdose exposure. The advantage of the approach is that target exposure may be sufficient to detect human-specific acute PD effects relevant to safety and efficacy while limiting systemic exposure to safe subpharmacological levels. Target exposure post-ITM differs from systemic administration (e.g., PO or IV) in that the therapeutic-level concentrations are maintained only for a brief time (seconds to minutes) after administration. Nevertheless, considerable variation is possible in the exposure profile depending on the rate and duration of administration for a given total dose, as well as the amount of fluid administered. Imaging of the labeled drug in the target, measurement of drug concentrations in the vein draining the target, and use of in vivo and PBPK models, could all inform the translation of the ITM information to the intended therapeutic route of administration. In effect, the approach combines two contemporaneous investigations: The local pharmacological exposure with a systemic microdose exposure, and allows comparing the two with minimal variability to examine the validity of extrapolation.
In a proof-of-concept rodent study Burt et al. hypothesized that after administering a microdose of insulin into the femoral artery effects on ipsilateral leg muscles would be similar to those seen after systemic administration of a therapeutic dose, while sparing the rest of the body any systemic effects. 15 18 F-FDG uptake into tissues was chosen as the primary biomarker. Glucose and insulin levels were secondary outcomes. FDG which responds to insulin in the same manner as glucose, is taken up into tissues within minutes. After administering insulin into the femoral artery, 18 F-FDG uptake into ipsilateral leg muscles, as measured by the slope of the standard Uptake Value (SUV) plot, was similar (95% confidence interval [CI], 20.024 to 0.029, P = 0.7895) to that after systemic full-dose administration. Likewise, glucose levels in the ipsilateral femoral vein were reduced. At the same time, contralateral and systemic effects remained at the microdose, subpharmacological, baseline level, statistically significantly less than the ipsilateral effects (CI, 20.045 to 20.007, P = 0.0147). These observations established the two proof-ofconcept objectives, the first, to demonstrate that local exposure after intra-arterial administration of subpharmacological doses (measured on a systemic basis) can produce pharmacological effects similar to those after systemic full-dose administration and, second, that such local administration exposes the rest of the body to subpharmacological, microdose levels.
Extreme environments
This is an entirely new area of application that we anticipate will grow in demand. Humans are venturing beyond the narrow confines of the biosphere. Extreme environments include space (exposure to microgravity, radiation, altered chronobiology), poles (low temperatures, altered chronobiology), high altitudes, and underwater (hypo/hyperbaric). With the altered physical properties of the environment comes the potential for altered physiology (e.g., bone density, muscle strength, blood flow, and chronobiology), pathology, pharmacology, and even storage and handling of pharmaceuticals all www.wileyonlinelibrary/cts potentially leading to altered response to pharmacotherapy. This calls for dedicated and controlled testing of xenobiotic substances at the extreme environment. For all practical purposes such studies would be akin to FIH studies in terms of the novelty of the expected response and implied risks. And with another feature of such extreme environment being the lack of readily accessible comprehensive emergency services, the inherent safety of phase 0 limited exposures is clearly an advantage.
Individualized therapy phenotyping
There is considerable inter-individual variability in the mechanisms that affect drug disposition, and specifically, drug metabolism (e.g., by CYP450 enzymes), and transporter activity, that could lead to undesirable therapeutic consequences such as underdosing, overdosing, and drug-drug interactions (DDI). 35 The ability to predict such variability prior to initiation of pharmacotherapy, and to do so in a safe manner by using a microdose probe drug, is especially important for drugs that exhibit a narrow therapeutic index, where the population is known to exhibit variability in metabolic phenotypes, and in vulnerable populations. 35 It is also important where concomitant polypharmacy may potentiate the probe drug as in the case of ketoconazole and fluvoxamine that can induce up to 12-fold potentiation of midazolam exposure by inhibition of CYP3A4. 52 Midazolam PK has been shown to be linear in the dose range of 100 ng to 3 mg, allowing the administration of a microdose midazolam probe to accurately predict full dose metabolism by CYP3A4 without the risk of adverse effects. 36, 86 This was demonstrated following both PO and IV administrations allowing, through deconvolution, assessment of presystemic intestinal vs. hepatic CYP3A4 activity.
Environmental toxins
Phase 0 approaches offer the potential to study environmental and anthropogenic toxins in a controlled and safe manner. 39, 40 In fact, exposure to most environmental toxins is normally in the microdose range, and this fact was used by the FDA as an argument against the practicality of performing routine genetic toxicology testing for microdosing studies. 2 However, long term exposures to substances that do not display acute toxicities may lead to adverse health effects. This is most notable in the case of chemical carcinogens but may also apply to heavy metals and radioactive substances. While some of these substances have been studied in animals in high doses few controlled data are available in humans, where natural exposure is usually to small doses of complex mixtures. 39 In the first such study, a single dose of 14 C-dibenzo[def,p]chrysene (DBC, 29 ng, 5 nCi), a polycyclic aromatic hydrocarbon (PAH), identified as a priority chemical of carcinogenic concern, was administered as a microdose to three female and six male healthy volunteers. 40 The single-dose exposure, equivalent to 28% of average daily dietary intake, was assessed to be "minimal risk" and approved by the local ethics committee. AMS was used to determine PK parameters in plasma samples. Such data can be used to determine the extent of metabolism, the type of metabolism used to activate the pro-carcinogen, as well as the detoxifying type. And just as in the previously mentioned Henderson et al. study, 17 formation of DNA mono-adducts in PBMCs can be detected following these minute doses as potential "surrogate end points" of carcinogenicity.
RECOMMENDATIONS
Human is the best model of human Animal models are notoriously poor predictors of human pathophysiology and treatment response. 87, 88 This is especially true when interactions with multiple targets (e.g., transporters, enzymes, carrier proteins, target-mediated drug disposition) take place, or when unique human targets or systems are engaged (e.g., neurodegenerative and psychiatric disorders). An example is the lack of appropriate animal models to study the role of amyloid plaques in pathogenesis of Alzheimer's disease and the aforementioned use of PET-microdose study to study 18 F-labelled amyloid imaging agents and establish proof of concept in humans. 31 
Strategic timelines (Figure 3)
Phase 0 approaches should be incorporated into the mainstream developmental process. It is important to start consideration of phase 0 approaches, especially if labelling is to be involved, as soon as possible, preferably 2-2.5 years prior to anticipated entry into human testing. This period should include a pre-IND type meeting with the regulatory authorities to discuss the goals of the proposed investigation, the specific human testing proposed, assessment of the expected risks, and determination of the amount and type of data that need to be submitted. This period should also anticipate the technical aspects of the eIND studies by initiating considerations of formulation and drug radiolabeling, and establishing the standards, capabilities, skills and expertise associated with the analytical methods.
Initially, DDI and vulnerable populations were not included as part of the framework of phase 0. However, finding information about DDI before phase I may play an important part in the decision to enter into full clinical development, especially if microdosing assessment of DDI is part of candidate selection among similarly performing preclinical candidates. In addition, there has been increasing pressure to obtain, as early as possible, evidence-based data on pharmacotherapy for vulnerable populations, many of whom (e.g., frail elderly) are important consumers of healthcare.
Linearity and validity of extrapolation from limited exposure to full exposure
The potential for non-linear mechanisms interfering with extrapolation of phase 0 results should be carefully examined prior to embarking on such approaches. Saturation of transporters, metabolism, protein binding, and receptor binding at anticipated pharmacologic doses should be studied using in vitro models and where possible with compounds from the same pharmacological class as reference compounds. It is important to note that non-linearity by itself does not rule-out limited-exposure studies. As long as the nature of non-linearity is correctly characterized it may allow accurate extrapolation of phase 0 study results to therapeutic dose levels. 
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Phase 0/phase I development program
In addition to the previously described phase 0/phase I adaptive study design 34 there is the more general phase 0/phase I parallel program development. This means that the preclinical development, including animal testing, for the full IND submission for phase I testing continues in parallel to the phase 0 testing. The advantage of this approach is that the phase I development can be stopped at any point as soon as phase 0 testing indicates a "no-go" decision while no time is lost in the phase I development if the results of the phase 0 testing indicate a "go" decision. In the latter case, the results of phase 0 (e.g., PK parameters, DDI, target exposure) can inform the design of the phase I program.
Government and organizational support
Regulators, professional organizations, industry, and academia should unite to provide formal guidance, incentives, and funding to promote research, education, and utilization of microdosing and other phase 0 approaches.
Collaboration
Drug developers should share not only data but also information on the decision-making process, and the assumptions taken into consideration of drug development "go-no-go" decisions, while balancing collaboration benefits against confidentiality constraints. Specifically, the reasons for the under-utilization of microdosing and other phase 0 approaches need to be understood and addressed. Maybe most important, all stakeholders should engage in continuous discussions on how to improve these methodologies and their applications. The multidisciplinary nature of this process should be embraced for its breakthrough collaborative potential, not available in each of the individual disciplines. Clinical pharmacologists, radiochemists, nuclear medicine and analytics experts, economists, clinical researchers, statisticians, and regulators, should not only gather together in task forces to tackle specific developmental challenges, but regularly work together to seek and identify new ones.
Culture
Drug development organizations should provide incentives to discover true failure early. Currently the bonus structure is sometimes based on advancing development forward. The implied aversion to failure may conflict with the main advantage of phase 0 approaches, i.e., the potential for early termination of development and reallocation of resources to the development of more promising candidates. 89 
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Economics An important element in the decision to utilize exploratory developmental approaches, the economic benefit, needs to be studied in more diverse developmental scenarios, applications, and details than previous reports. 13, 90 To developers, the benefit will be the balance of the investment in resources vs. the savings in time and money when compared with full phase I programs. Of particular value to developers is the saving of time to meaningful developmental decisions as this could increase the patent-life of back-up compounds. To insurers and healthcare systems as a whole there may be an additional value in the earlier introduction of novel therapeutics that could reduce the burden of illness.
Ethics -risk/benefit assessment
The main ethical benefits of the exploratory approaches are in the reduction of risk in human testing, the early identification and rejection of ineffective or toxic compounds, thereby avoiding delays in development of successful back-up compounds, and preventing unnecessary testing in humans and animals. The ethics of administering drugs to humans with no therapeutic intent was brought up in earlier reports as a challenge to phase 0 studies. [91] [92] [93] However, such testing, no different from usual phase I testing in healthy volunteers where also there is no therapeutic intent, is justified by the scientific necessity and beneficence implied in a more efficient drug development process. Phase 0 approaches are also consistent with the 3Rs, reduction, refinement, and replacement, promoting ethical animal research.
Patient advocacy groups
These organizations are usually highly motivated to advance research, are especially concerned about safety of research participants, and are compelled by the potential for minimal exposure to experimental risk. They should be engaged early in the development process allowing time to become informed, involved in ethics discussion about their benefit/risk ratio, able to disseminate the information, and contribute to the recruitment process. They could also help advocating for such clinical research approaches with policy makers and potential funders.
An example of such productive collaboration is provided by the Dutch patient organization for congenital diseases (VSOP) that helped pave the way for the use of phase 0 trials in The Netherlands. This group was strongly aware of the need to conduct drug studies in children as well as the challenges, ethical, regulatory and practical, that are in the way of performing these studies. They understood and supported the concept of 14 C-labelled AMS microdosing. They supported the grant application with the Dutch Organization for Health Research and Innovation and provided a support letter, approved by the Ethics Board, to be given to parents at the time of the informed consent process.
SUMMARY
A number of drivers and developments suggest that microdosing and other phase 0 applications will experience increased utilization in the near-to-medium future. Increasing costs of drug development and ethical concerns about the risks of exposing humans and animals to novel chemical entities are important drivers in favor of these approaches, and can be expected only to increase in their relevance. An increasing body of research supports the validity of extrapolation from the limited drug exposure of phase 0 approaches to the full, therapeutic exposure, with modeling and simulations capable of extrapolating even non-linear scenarios. An increasing number of applications and design options demonstrate the versatility and flexibility these approaches offer to drug developers including the study of PK, bioavailability, DDI, and mechanistic PD effects. PET microdosing allows study of target localization, PK and receptor binding and occupancy, while Intra-Target Microdosing (ITM) allows study of local therapeutic-level acute PD coupled with systemic microdose-level exposure. Applications in vulnerable populations and extreme environments are attractive due to the unique risks of pharmacotherapy and increasing unmet healthcare needs. All phase 0 approaches depend on the validity of extrapolation from the limited-exposure scenario to the full exposure of therapeutic intent, but in the final analysis the potential for controlled human data to reduce uncertainty about drug properties is bound to be a valuable addition to the drug development process. 
